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tivity changes with age and how such changes are associated with behavior. This 
study investigated the effect of age on thalamo- cortical and thalamo- hippocampal 
functional connectivity (FC) and the association between thalamic FC and visual–
spatial memory and reaction time (RT) performance in older adults.
Methods: Resting- state functional magnetic resonance images were obtained from 
younger (n = 20) and older (n	=	20)	adults.	A	seed-	based	approach	was	used	to	assess	




lamic	 subregions	and	corresponding	 sensory	cortex.	Greater	 thalamo-	motor	FC	 in	
older	 adults	 was	 associated	 with	 faster	 RTs.	 Furthermore,	 older	 adults	 exhibited	
greater	 thalamo-	hippocampal	FC	compared	to	younger	adults,	which	was	greatest	
for those with the poorest visual–spatial memory performance.
Conclusion:	Although	older	adults	exhibited	poorer	visual–spatial	memory	and	slower	reac-
tion	times	compared	to	younger	adults,	“good”	and	“poorer”	older	performers	exhibited	dif-
ferent patterns of thalamo- cortical and thalamo- hippocampal FC. These results highlight the 
potential role of thalamic connectivity in supporting reaction times and memory in aging. 
Furthermore,	these	results	highlight	the	importance	of	including	the	thalamus	in	studies	of	
aging to fully understand how brain changes with age may be associated with behavior.




than acting primarily to integrate incoming sensory information and 
project	it	to	the	relevant	cortical	regions	(Jones,	1985),	has	a	much	
wider	role	and	exerts	a	strong	influence	over	cortical	activity	(Baxter,	
2013;	 McAlonan,	 Cavanaugh,	 &	 Wurtz,	 2008;	 O’Connor,	 Fukui,	
Pinsk,	&	Kastner,	2002;	Purushothaman,	Marion,	Li,	&	Casagrande,	
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2012;	Saalmann,	2014;	Saalmann,	Pinsk,	Wang,	Li,	&	Kastner,	2012;	
Theyel,	 Llano,	 &	 Sherman,	 2010).	 The	majority	 of	 thalamic	 inputs	
originate	from	the	cortex,	rather	than	sensory	peripherals	(Sherman	
&	Guillery,	 2013),	 and	 higher	 order	 thalamic	 nuclei	 receive	 dense	
input	from	cortical	layers	five	and	six,	resulting	in	cortico-	thalamo-	
cortical pathways which create indirect connections between corti-
cal	areas	(Saalmann,	2014;	Sherman	&	Guillery,	2013).	Furthermore,	
every dorsal thalamic nucleus receives fibers back from the cortical 
region	that	it	projects	to,	resulting	in	large-	scale	cortical	reciprocal	
connectivity	(Jones,	1985;	Sherman	&	Guillery,	2013).	Although	the	
precise function of this diffuse thalamo- cortical and cortico- thalamic 
connectivity	 remains	 poorly	 understood,	 it	 has	 been	 argued	 that	
higher order nuclei may function to modulate neuronal synchrony 
between	different	cortical	regions	and	networks,	to	increase	the	ef-
ficiency of information transfer (see Saalmann 2014 for a review).
These recent studies provide convincing evidence for the role of 
the	thalamus	in	modulating	cortical	activity,	but	how	this	thalamo-	
cortical	circuitry	might	be	affected	by	advancing	age,	and	whether	
changes to the thalamo- cortical system relate to cognitive declines 
with	age,	has	received	surprisingly	 little	attention.	Declining	mem-
ory performance is perhaps the cognitive deficit most commonly 
associated	with	advancing	age	 (see	Craik	&	Rose,	2012	and	Khan,	
Martin-	Montanez,	 Navarro-	Lobato,	 &	 Muly,	 2014	 for	 reviews).	




terior	 thalamus,	 has	 also	 been	 implicated	 in	 supporting	 memory	
function	 (Aggleton	&	Brown,	 1999;	Aggleton	 et	al.,	 2010;	Child	&	
Benarroch,	 2013;	 Jankowski	 et	al.,	 2013).	 Evidence	 from	 patients	
with thalamic infarcts supports the view that disrupted thalamo- 
cortical structural connectivity is associated with memory prob-
lems	(Serra	et	al.,	2014),	while	functional	connectivity	(FC)	strength	
between the dorsomedial nucleus of the thalamus and parts of the 
striatum has also been negatively associated with episodic memory 
functioning	 in	 49-	 to	 80-	year-	olds	 (Ystad,	 Eichele,	 Lundervold,	 &	
Lundervold,	2010).	Processing	speed,	which	commonly	slows	with	
age	 (Albinet,	 Boucard,	 Bouquet,	&	Audiffren,	 2012;	Der	&	Deary,	
2006;	 Nilsson,	 Thomas,	 O’Brien,	 &	 Gallagher,	 2014;	 Papp	 et	al.,	
2014;	 Salthouse,	 2009;	 Sliwinski	&	Buschke,	 1999),	 has	 also	 been	
linked with increased thalamic fiber integrity in both young (Tuch 
et	al.,	2005)	and	older	(Ystad	et	al.,	2011)	adults.	Studies	that	have	
used measures of structural connectivity have suggested that the 





reported decreased fractional anisotropy in frontal and parietal 
lobes and anterior thalamus with age which was associated with 
reduced	 executive	 function	 in	 older	 adults.	 Similarly,	 a	 DTI	 study	
of	 121	 participants	 (aged	 18–61	year)	 observed	 that	 motor	 task	
performance was negatively associated with thalamo- precentral 











and changes to the structural and functional integrity of brain net-
works.	However,	 the	majority	 of	 studies	 in	 humans	 have	 investi-
gated	the	thalamus	as	a	whole,	despite	the	differential	connectivity	










of its heterogeneous structure and is necessary for a detailed un-
derstanding	of	thalamic	function	and	its	changes	with	aging.	Here,	
we compare thalamo- cortical FC between younger and older adults 
to investigate the association between thalamic connectivity and 
disruption	of	memory	and	processing	speed.	This	is,	to	our	knowl-
edge,	 the	 first	 study	 to	 investigate	 the	FC	of	 thalamic	subregions	
in older age. We focussed on the relationship between first- order 
nuclei	and	sensory	cortices,	as	these	connections	are	better	char-
acterized	 and	 perhaps	 more	 intuitive	 to	 understand	 in	 terms	 of	
FC than the connectivity between higher order nuclei and higher 
cortical	 regions.	 We	 also	 investigated	 hippocampal–thalamic	 FC,	




Twenty younger (M	=	27,	 ±	 3	years,	 10	 male)	 and	 twenty	 older	
(M	=	74,	±	4	years,	nine	male)	participants	took	part.	Older	partici-
pants	were	 screened	 for	 cognitive	 impairment	with	 the	Advanced	
Mini-	Mental	 State	 Test	 (3MS)	 (Teng	 &	 Chui,	 1987);	 the	 group’s	
average	 score	 was	 97.65	 (±2.6,	 range:	 88–100).	 No	 participants	




Younger	participants	had	an	average	 “full	 IQ”	 score	of	114	 (±7.56,	
range:	97–124),	compared	to	a	score	of	119	(±7.07,	range:	106–131)	







All	 participants	were	 screened	 for	MR	 compliance	 and	 completed	
the	 NART	 and	 3MS.	 Participants	 then	 underwent	 the	 MRI	 ses-
sion.	During	the	resting-	state	scan,	participants	were	asked	to	keep	




Cambridge	Cognition).	 All	 tasks	were	 computed	 in	 a	 quiet	 testing	
room,	on	an	11”	Samsung	tablet	(XE700T1C;	Intel	1.7	GHz	i5	proces-
sor,	4GB	RAM,	64-	bit	Windows	7).	Upon	completion,	participants	
were thanked and debriefed.
2.3 | MRI procedure




flip	 angle	=	80°,	 and	 volumes	=	450).	In	 addition,	 a	 high-	resolution	
(1 mm isotropic) T1- weighted anatomical image was obtained 
(TR	=	8.4	ms,	 TE	=	3.8	ms,	 flip	 angle	=	8,	 matrix	=	288	 ×	 288,	 slice	
dimensions = 1 mm3,	and	175	slices).	During	the	resting-	state	scan,	
participant’s	 cardiac	 and	 respiratory	 cycles	 were	 measured	 using	
pneumatic	 bellows	 and	 a	 pulse	oximeter.	 Foam	padding	was	posi-
tioned around the head to reduce motion artifacts.
2.4 | Neuroimaging methods
2.4.1 | Definition of sensory- network ROIs
The	spatial	location	of	each	resting-	state	network’s	(RSN)	individual	
nodes	was	defined	from	six-	minute	resting-	state	scans	(3	×	3	×	4	mm	





(5	mm),	 temporally	 concatenated	 across	 subjects,	 and	 decom-




component was thresholded at a Z-	statistic	>4,	based	on	previous	
methodology	 (Khalsa,	 Mayhew,	 Chechlacz,	 Bagary,	 &	 Bagshaw,	
2013),	 to	 ensure	 that	 each	 of	 the	 network	 nodes	 was	 spatially	
distinct. Each network was then manually separated into its indi-
vidual nodes (see Figure 1).
For	each	participant	 in	 this	 study,	FLIRT	 (Jenkinson,	Bannister,	
Brady,	 &	 Smith,	 2002)	 was	 used	 to	 transform	 these	 node	masks,	
which	were	created	from	an	independent	cohort,	 into	native	func-
tional	space,	using	the	T1- weighted image as an intermediate step. 
All	 subsequent	 analysis	 then	 took	 place	 in	 native	 (or	 individual)	






partial volume maps were then transformed into functional space 
using	FLIRT	(Jenkinson	&	Smith,	2001;	Jenkinson	et	al.,	2002),	with	





indicated by a significant main effect of age (F(1,38)	=	47.23,	p	<	.001,	
ɳ2 =	0.554),	but	no	significant	age*node	interaction	(F(8,	304)	=	1.07,	
p	=	.38,	 ɳ2	=	0.027).	 Appendix:	 Table	 A1	 displays	 the	 average	 ROI	
sizes	for	the	two	age-	groups,	after	including	only	gray-	matter	voxels.
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2.4.2 | Definition of hippocampus and thalamus
In	 addition	 to	 the	RSN	ROIs	defined	 from	 ICA,	we	also	 anatomi-
cally defined left and right hippocampal and thalamic nodes. This 
was done by thresholding the hippocampal and thalamic probabil-
ity	maps,	 provided	by	 the	Harvard–Oxford	 subcortical	 structural	
atlas	included	in	FSL,	to	retain	the	top	75%	when	ordered	in	terms	
of	 probability	 values,	 in	 order	 to	 obtain	 reliable	 maps	 of	 these	
structures.	These	 thresholded	masks	were	 then	binarized	and,	as	
described	above	for	the	cortical	ROIs,	transformed	into	functional	
space	 for	each	participant.	For	 the	hippocampal	nodes,	 the	same	




we	 used	 the	Oxford	 thalamic	 connectivity	 atlas	 (http://fsl.fmrib.
ox.ac.uk/fsl/fslwiki/Atlases;	 Behrens	 et	al.	 (2003)).	 The	 probabil-
istic	 masks	 from	 this	 atlas,	 thresholded	 at	 a	 probability	 of	 25%	
as	 applied	 previously	 (Serra	 et	al.,	 2014),	 comprise	 seven	 bilat-
eral subregions that have been identified to structurally connect 
predominantly	 to	 the	 following:	primary	motor	 cortex	 (MT),	pre-
motor	 cortex	 (pMT),	 somatosensory	 cortex	 (ST),	 occipital	 cortex	
(OT),	 frontal	 cortex	 (FT),	 posterior	parietal	 cortex	 (PT),	 and	 tem-
poral	cortex	(TT)	(see	Figure	2).	Each	of	these	thalamic	subregions	
was transformed into functional space for each participant (as 
described	above	in	Section	2.4.1).	As	gray-	matter	segmentation	of	
the	 thalamus	was	not	adequate	 for	all	participants,	we	chose	 in-
stead	to	exclude	any	voxels	that	had	been	identified	as	CSF	(using	
the partial volume maps described in Section 2.4.1) to control for 
potential differences in thalamic morphometry between the two 
age-	groups.	Older	 adults	were	 found	 to	 have	 significantly	 fewer	
remaining	voxels	within	thalamic	subregion	ROIs,	as	indicated	by	a	
significant main effect of age (F(1,38)	=	17.95,	p	<	.001,	ɳ2 = 0.321). 
A	 significant	 age*subregion	 interaction	 (F(1.42,	 53.8)	=	13.37,	
p	<	.001,	 ɳ2	=	0.26)	 revealed	 that	 this	 was	 the	 case	 for	 all	 sub-
regions (p	<	.005),	 excluding	 pMT	 (p	=	.18)	 and	 MT	 (p = .11). 
Appendix:	 Table	 A2	 displays	 average	 thalamic	 and	 hippocampal	
ROI	sizes	for	the	two	age-	groups.
2.5 | Functional connectivity analysis
The effect of respiratory and cardiac confounds (corrected using 
RETROICOR)	 (Glover,	 Li,	 &	Ress,	 2000)	 and	 subsequently	 varia-
tions	 in	 breathing	 depth	 and	 heart	 rate	 interval	 (Birn,	Diamond,	
Smith,	&	Bandettini,	2006;	Chang,	Cunningham,	&	Glover,	2009)	
were	 reduced	using	custom	MATLAB	code.	Data	were	 then	pre-
processed according to standard methodology prior to FC analy-
sis	(Fox	et	al.,	2005).	Data	were	motion	and	slice-	time	corrected,	
spatially	smoothed	(5	mm),	and	high-	pass	filtered	using	FEAT.	Data	
were	 then	 temporally	 band-	pass	 filtered	 (0.009	<	Hz<0.08),	 and	
further potential confound signals were removed using multiple 
linear	regression:	the	six	motion	parameters	of	head	rotation	and	
F IGURE  2  (a)	Illustration	of	the	anatomically	defined	masks	for	HC	hippocampal	complex	and	thalamus.	(b)	Depiction	of	each	thalamic	
sub-	region	from	the	Oxford	Thalamic	Connectivity	Atlas	(Behrens	et	al.,	2003).	The	descriptions	below	detail	the	cortical	region	that	each	
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translation,	white	matter	 and	CSF	 signals,	 and	 the	 global	 signal,	
calculated	by	averaging	the	BOLD	time	series	across	all	brain	vox-
els. FC strength was then calculated as the correlation coefficient 
(Pearson’s	 r)	between	the	mean	BOLD	time	series	 from	thalamic	
subregion	 and	 the	 mean	 BOLD	 time	 series	 of	 each	 RSN	 node.	
Correlation coefficients were converted to a normal distribution 
using	Fisher’s	r- to- z Transform (z	=	0.5	Ln	[(1	+	r)	/	(1	−	r)])	(Jenkins	
&	 Watts,	 1968).	 These	 values	 were	 converted	 into	 z- scores by 
dividing	 by	 the	 square	 root	 of	 the	 variance	 (1/√	 (n−3),	 where	 n 
is	 the	 degrees	 of	 freedom	 in	 the	 measurement	 (i.e.,	 number	 of	
volumes- 2).
2.5.1 | Thalamic subregions to sensory RSNs
We	explored	the	differences	between	thalamic-	sensory	FC	for	the	
two age- groups by assessing FC between sensory thalamic subre-
gions	 and	 sensory	RSNs.	FC	was	 calculated	by	 seeding	 from	each	
of	the	primary	sensory	(primary	motor,	occipital)	and	the	temporal	
thalamic	subregions	to	each	of	the	nodes	of	the	sensory	RSNs.
2.5.2 | Thalamic subregions to hippocampus
Age-	related	 thalamo-	hippocampal	FC	differences	were	 also	 inves-
tigated by calculating FC between each of the thalamic subregions 
and left and right hippocampi.
2.6 | Behavioral measures
Paired	 associates	 learning	 (PAL)	 task	 and	 simple	 reaction	 time	
(SRT)	 task	 from	the	CANTAB	battery	were	employed	as	measures	
of	memory	(visual–spatial)	and	reaction	time,	both	of	which	are	af-




complete these tasks as responses were recorded via a touch screen 
(PAL)	and	a	button	box	(SRT).	This	ensured	that	any	differences	 in	
computer familiarity between the two age- groups did not confound 
performance.
2.6.1 | Paired associates learning
This task is a measure of visual–spatial memory. Patterns are dis-
played to participants one at a time in a number of locations on the 
screen.	After	all	patterns	have	been	displayed,	participants	must	se-
lect the location of each pattern when prompted.
The outcome measure used to assess memory performance was 
the	number	of	errors	made	at	stage	7	of	the	task	(where	six	patterns	
are	 displayed);	 thus,	 a	 lower	 score	 indicates	 better	 performance.	





SRT delivers a known stimulus to a known location to elicit a known 
response.	In	this	task,	a	stimulus	(a	white	square)	was	presented	on	
a black background and participants were instructed to respond by 
pressing	a	key	on	a	two-	button	button	box	whenever	they	saw	the	








mance on this task was mean reaction time (RT).
2.7 | Statistical analysis
2.7.1 | Good vs. poor performers
To	address	the	question	of	whether	any	age-	related	differences	 in	
FC	are	beneficial	or	detrimental,	we	assessed	whether	older	“good”	
performers had thalamic FC that was more similar to younger partic-
ipants	than	“poor”	performers	in	their	own	age-	group.	For	this,	older	
adults were split into good and poor performers based on a median 
split	 of	 the	 group’s	 memory	 or	 reaction	 time	 performance.	 This	






categorization	 were	 as	 follows:	 18	 younger,	 nine	 older	 good,	 and	









For	 SRT,	 participants	with	RTs	 shorter	 than	 the	median	 value	of	
295	ms	 were	 classified	 as	 “good”	 performers,	 while	 those	 with	 RTs	
above	295	ms	were	classified	as	“poor”.	FC	of	good	and	poor	perform-




poor	 performers.	 Normative	 data	were	 not	 available	 from	CANTAB	
for	 this	 task,	 so	 comparison	of	 our	 good/poor	 groups	 to	 normalized	
z-	scores	was	not	possible.	For	both	tasks,	no	significant	difference	in	
age	was	 found	 between	 good	 and	 poor	 participants,	 indicating	 that	
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performance differences were not driven by chronological age alone 
and	that	“poor”	performers	were	not	simply	the	oldest	participants	in	
the group (see Table 1).
To	 link	FC	with	 task	performance,	we	 focussed	on	paired	con-
nections	which	we	hypothesized	would	be	most	relevant	to	the	two	
tasks. The hippocampus is a vital structure for memory formation 
and	retrieval	(for	reviews	see	Bird	&	Burgess,	2008	&	Squire,	1992)	
and,	specifically,	spatial	memory	(Burgess,	Jeffrey,	&	O’Keefe,	1999;	
Cohen	 et	al.,	 1999;	 Eichenbaum,	 Dudchenko,	 Wood,	 Shapiro,	 &	
Tanila,	1999).	In	addition,	the	role	of	the	hippocampal–anterior	tha-
lamic	 axis	 is	 implicated	 in	memory	 processes	 (Aggleton	&	Brown,	
1999;	 Jankowski	 et	al.,	 2013;	Warburton,	 Baird,	 Morgan,	 Muir,	 &	
Aggleton,	 2001).	We	 therefore	 sought	 to	 investigate	whether	 dif-
ferences in thalamo- hippocampal FC with age were associated with 
memory	performance	on	the	PAL	task.	For	SRT	performance,	we	ex-
amined thalamic- motor FC.
2.7.2 | Correlations between FC and behavioral 
performance
In	 addition	 to	 the	 analyses	 described	 above,	 we	 correlated	 FC	
strength	with	PAL	and	SRT	performance	in	order	to	assess	whether	
there was a linear relationship between thalamic FC and behavioral 
performance.	For	PAL,	we	correlated	thalamo-	hippocampal	FC,	for	
each	thalamic	nuclei.	For	SRT,	we	correlated	thalamo-	motor	cortex	
FC for each of the first- order nuclei (for reasons described in 2.7.1). 
For	 each	of	 the	 analyses,	we	 chose	 to	 perform	 correlations	 sepa-
rately	 for	 younger	 and	 older	 participants,	 due	 to	 the	 large	 differ-
ences in their performance on the two tasks.
2.7.3 | Specific analyses
IBM	 SPSS	 Statistics	 for	Windows	 (version	 20.0)	 was	 used	 for	 all	
statistical	 analyses.	 All	 pairwise	 comparisons	 were	 corrected	 for	
multiple	comparisons	with	false	discovery	rate.	Only	p- values with 
a	FDR	<5%	are	highlighted	as	significant,	any	p- values reported from 
pairwise comparisons are adjusted. For anovas where the principle of 
sphericity	was	violated,	Greenhouse–Geisser	correction	was	applied	
to	 degrees	 of	 freedom.	As	 the	measures	 of	 SST	 and	PAL	 violated	
assumptions	of	normality,	 they	were	 log-	transformed	before	com-
puting	correlational	analysis.	For	PAL,	a	constant	of	1	was	added	to	
scores of 0 before transformation. For all correlation analyses with 
behavioral	 measures,	 age,	 gender,	 handedness,	 and	 NART	 score	
were included as covariates of no interest.
We	assessed	whether	FC	between	thalamic	subregions	and	RSNs	





used	 to	 assess	whether	 older	 “good”	 performers	 had	 thalamic	 FC	
that	was	more	similar	to	younger	participants	than	“poor”	perform-




were used to assess differences between the two age- groups while 
controlling	 for	 NART	 performance	 (a	 measure	 of	 estimated	 IQ).	
Older	 adults	 made	 significantly	 more	 errors	 on	 stage	 seven	 of	 the	











Younger and older adults did not differ significantly in terms of rela-
tive or absolute head motion parameters as revealed by a nonsig-
nificant main effect of age (F(1,38)	=	0.13,	p	=	.73,	 ɳ2 = 0.003) and 
a	 nonsignificant	 age*motion	 interaction	 (F(1,38)	=	0.46,	 p	=	.50,	





performance differences were not driven by chronological age alone. Statistical outcomes from the t tests comparing the ages for the two 
groups	are	displayed	for	each	task.	Mean	age,	median	age,	and	the	range	of	ages	are	shown	for	each	performance	group	for	the	two	tasks
PAL SRT
t(18) = 0.72, p = .479 t(18) = 0.24, p = .815
Mean Median Range Mean Median Range
Good 74.41 74.98 69–78 73.85 72.16 66–81
Poor 72.96 73.35 66–81 73.37 75.43 73–79




pal	 FC,	 averaged	 across	 all	 subregions	 of	 the	 thalamus,	 as	 indi-
cated by a significant main effect of age (F(1,38)	=	6.54,	 p	=	.015,	
ɳ2	=	0.147)	 and	 a	 nonsignificant	 age*subregion	 interaction	 (F(2.30,	
73.64)	=	3.0,	p	=	.058,	ɳ2	=	0.073)	(see	Figure	4a).	However,	younger	





subregions as indicated by a significant main effect of subregion.
3.3.2 | Thalamic- sensory cortex FC
Auditory RSN
The	two	age-	groups	did	not	differ	in	average	thalamic-	auditory	RSN	
FC,	across	thalamic	subregions	(F(2,	76)	=	3.06,	p	=	.06,	ɳ2 = 0.08) or 
RSN	nodes	(F(1,38)	=	0.26,	p	=	.61,	ɳ2	=	0.01).	Similarly,	there	was	no	
significant	 interaction	 between	 age*thalamic	 subregion*RSN	 node	
(F(1.6,	58.89)	=	1.37,	p	=	.26,	ɳ2 = 0.04).
Motor RSN
Thalamic- motor FC differed significantly between the two age- 
groups,	 dependent	 on	 subregion,	 as	 indicated	 by	 a	 significant	 tha-













parisons across thalamic subregions and age- groups.
Visual RSN




node (F(3.63,	137.86)	=	0.44,	p	=	.76,	ɳ2 = 0.01).
3.4 | Thalamic FC and behavioral performance
3.4.1 | Thalamo- hippocampal FC and memory 
performance
Older	poor	PAL	performers	had	significantly	greater	thalamo-	right	
hippocampal	FC,	 independent	of	 thalamic	 subregion,	 compared	 to	
older	good	PAL	performers	(p = .023) and younger adults (p	=	.023),	
as revealed by a significant main effect of performance group 
(F(2,35)	=	4.37,	p	=	.020,	 ɳ2 = 0.20). This difference in FC between 
younger and older participants was specific to older poor perform-
ers,	 as	 revealed	 by	 a	 nonsignificant	 difference	 between	 younger	
and older good performers (p	=	.629).	A	nonsignificant	performance	
group*thalamic	subregion	interaction	(F(4.1,	72.47)	=	1.657,	p	=	.078,	
ɳ2 = 0.09) suggested that these differences were not strongly driven 
by any specific thalamic nuclei.
Analysis	 of	 thalamo-	left	 hippocampal	 FC	 revealed	 similar	 pat-
terns	of	thalamo-	hippocampal	FC,	as	 indicated	by	a	main	effect	of	
performance group (F(2,35)	=	5.26,	 p	=	.01,	 ɳ2	=	0.23).Older	 poor	
PAL	performers	exhibited	greater	FC	compared	to	younger	partic-
ipants (p = .003) but not older good performers (p	=	.18).	Again,	the	
FC of older good performers and younger participants did not differ 
F IGURE  3 The average number 
of	errors	made	on	stage	7	(6	boxes	all	
containing	a	pattern)	of	the	PAL	task	
for younger and older adults (a). The 
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significantly (p	=	.137).	 A	 significant	 performance	 group*thalamic	
subregion interaction (F(4.41,	77.20)	=	2.66,	p	=	.034,	ɳ2 = 0.13) sug-




3.4.2 | Thalamic- motor FC and SRT performance
A	 significant	 interaction	 between	 thalamic	 nuclei*	 performance	
group (F(2.85,	 48.40)	=	3.83,	p	=	.017,	 ɳ2	=	0.18)	 revealed	 that,	 for	
older	 good	 SRT	 performers,	 FC	 was	 specifically	 greater	 between	
TT-	motor	cortex	(p	=	.018,	ɳ2 = 0.21) compared with younger adults. 
The	 nonsignificant	 RSN	 node*thalamic	 nuclei*performance	 group	
(F(6.28,	106.71)	=	1.29,	p	=	.269,	ɳ2 = 0.07) suggested that this differ-
ence	between	age-	groups	was	not	specific	to	any	motor	RSN	node.	
Pairwise comparisons confirmed that older fast performers had sig-
nificantly	greater	TT-	left	M1	(p	=	.003),	TT-	right	M1	(p	=	.011),	and	
TT-	SMA	 (p	=	.020),	 compared	 to	 younger	 participants.	Older	 poor	
SRT performers did not differ in FC compared to younger partici-
pants (p	=	.446,	ɳ2	=	0.05)	or	older	good	SRT	performers	 (p	=	.611,	
ɳ2	=	0.14).	 See	 Figure	7	 for	 comparison	 of	 thalamic-	motor	 cortex	
FC between younger participants and good/poor performing older 
participants.








the results from these correlational analyses.
4  | DISCUSSION
We investigated age- related differences in thalamo- cortical and 
thalamo- hippocampal functional connectivity (FC) and their asso-
ciation with age- related differences in cognitive performance on a 
F IGURE  4 The average thalamo- 




significantly greater thalamo- left 
hippocampal	FC,	compared	to	younger.	
For	thalamo-	right	hippocampus,	no	
significant difference in FC strength was 
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memory	and	SRT	task.	Our	results	highlight	that	advanced	age	was	
associated with poorer performance on a visual–spatial memory 
task,	as	has	been	shown	previously	(Hayat	et	al.,	2014;	Lee,	Archer,	
Wong,	 Chen,	 &	 Qiu,	 2013;	 Rabbitt	 &	 Lowe,	 2000).	 In	 addition,	
we	 provide	 evidence	 that,	 although	 visual–spatial	 memory	 per-
formance was not directly correlated with thalamo- hippocampal 
FC,	older	poor	memory	performers	exhibited	significantly	greater	
thalamo- right hippocampal FC compared to both younger adults 
and	older	good	memory	performers.	 Interestingly,	 this	 is	 in	con-
trast	to	the	results	of	comparing	the	two	groups	as	a	whole,	which	
did not differ significantly in terms of thalamo- right hippocampal 
FC strength. This suggests that thalamo- hippocampal FC increases 
as	a	function	of	age,	but	that	increases	in	thalamo-	right	hippocam-
pal FC may be more detrimental to memory performance com-
pared to increases in thalamo- left hippocampal FC. These results 








Group a Group b





pMT Old	poor Young 3.87	(1.43)	* 4.20	(1.40)	**
Old	good 4.70	(1.68)	* 2.06	(1.65)
MT Old	poor Young 2.83 (1.40) 3.18	(1.38)	*
Old	good 4.19	(1.64)	* 1.73	(1.62)
ST Old	poor Young 1.61	(0.88) 2.03 (1.41)
Old	good 3.10 (1.77) 0.60	(1.65)
FT Old	poor Young 4.79	(1.78)	* 5.15	(1.68)	**
Old	good 5.05	(2.09)	* 3.12 (1.97)
PT Old	poor Young 3.87 (1.97) 5.02	(1.78)	*
Old	good 5.10	(2.31)	* 2.37 (2.09)
TT Old	poor Young 6.72(2.21)	* 7.88(2.08)	**
Old	good 6.28	(2.60)	* 4.27 (2.44)
OT Old	poor Young 4.67	(2.08) 5.92	(1.85)	**
Old	good 5.71	(2.44)	* 2.41 (2.17)
HC,	hippocampus;	pMT,	premotor	cortex;	MT,	primary	motor	cortex;	ST,	somatosensory	cortex;	FT,	
frontal	cortex;	PT,	posterior	parietal	cortex;	TT,	temporal	cortex;	OT,	occipital	cortex.
TABLE  2 Thalamo- hippocampal FC 
compared	between	old	poor	PAL	
performers and (1) younger participants 
and	(2)	old	good	PAL	performers,	for	each	
thalamic subregion. Standard error is 
shown	in	brackets.	**p	<	.01,	*p	<	.05	
(after	FDR	correction)
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well as demonstrating that increases in FC are not necessarily ad-
vantageous. Similar findings were reported by Ystad et al. (2010) 
who found that dorsomedial thalamus–striatum FC was nega-
tively related to verbal episodic memory functioning in a sample 
of	49-	to	80-	year-	olds.	Although	the	hippocampus	has	long	been	
implicated	 in	 memory	 processes	 (Riedel	 et	al.,	 1999;	 Schacter	
et	al.,	1996;	Squire,	1992),	with	a	specific	 role	 in	spatial	memory	
and	 processing	 (Bird	 &	 Burgess,	 2008;	 Eichenbaum	 et	al.,	 1999;	
Henry,	Petrides,	St-	Laurent,	&	Sziklas,	2004),	the	role	of	the	thal-
amus	 in	memory	 processes	 should	 not	 be	 overlooked.	 Aggleton	
(2014)	proposes	that	there	are	three	parallel,	yet	distinct,	 “infor-
mation	streams”	within	the	anterior	thalamic	nucleus	(ATN)	which	
integrate	 and	work	 together	 to	 support	 episodic	memory,	while	
Nishio	et	al.	 (2014)	demonstrated	 that	 the	disruption	of	multiple	
thalamo-	cortical	circuits	can	lead	to	prefrontal	cortex	dysfunction	
and memory deficits. This is supported by numerous studies which 
have highlighted the importance of thalamic- PFC connectivity for 
memory	 and	 cognition	 (Cross,	 Brown,	 Aggleton,	 &	 Warburton,	
2012;	 Funahashi,	 2013;	 Gaffan,	 Murray,	 &	 Fabre-	Thorpe,	 1993;	
Watanabe	&	Funahashi,	2012).	Further	research	is	required	to	fully	
understand how age may impact on these hippocampal- thalamic- 
PFC	 networks,	 and	 how	 their	 potential	 reorganization	 with	 age	
may	impact	on	memory	performance.	Our	results	provide	a	start-
ing	point	for	this	research,	by	indicating	the	feasibility	and	benefit	
of parcellating the thalamus in terms of identifying age- related 
alterations to FC but also in distinguishing between good and 
poor memory performers. Future research should also establish 
whether age- related differences in thalamo- hippocampal FC are 
associated with other forms of memory or whether this finding is 
specific	to	visual–spatial	memory.	Similarly,	future	research	should	
also investigate how thalamo- hippocampal patterns may differ be-
tween	 thalamic	subregions,	as	a	 function	of	differential	memory	
processes.










SRT performance than age. This lack of differentiation between the 




further establish whether greater thalamo- motor FC in older age is 
specific	to	older	fast	performers.	Alternatively,	a	full	explanation	of	
these	differences	may	 require	 a	more	holistic	 investigation	of	 the	
motor	 system,	of	which	 the	 thalamo-	cortical	 interactions	we	have	
examined	are	only	a	part.
The	 role	 of	 thalamic-	motor	 RSN	 connectivity	 on	 SRT	 perfor-
mance and the potential modulation with age is a finding that war-
rants	 further	 investigation.	 To	 date,	 functional	 links	 between	 the	
thalamus	and	motor	cortex	have	been	identified	using	DTI	and	fMRI	









the thalamus is well situated to contribute to individual differences 
in	RT	as	well	as	age-	related	slowing,	via	reorganization	of	thalamic	
connectivity or structural and/or functional thalamic changes with 
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connectivity more specifically using segmentation of the thalamus 
to investigate the connectivity between individual thalamic subre-
gions	and	motor	cortex.
In	 older	 adults,	 increased	 activity	 (Buckner,	 2004;	 Cabeza,	
Anderson,	 Locantore,	 &	 McIntosh,	 2002;	 Reuter-	Lorenz	 et	al.,	
2000)	or	connectivity	(Campbell,	Grady,	Ng,	&	Hasher,	2012;	Davis,	
Dennis,	Daselaar,	Fleck,	&	Cabeza,	2008;	Geerligs,	Maurits,	Renken,	
&	Lorist,	2014)	 is	often	considered	 to	be	compensatory	 in	nature.	
The recruitment of additional brain regions or increased connectiv-
ity between brain regions has been suggested to support the main-






this finding could be that older age is associated with reduced spec-
ificity	of	brain	networks,	which	results	 in	 less	efficient	processing,	
potentially by increasing interference between network activity 
(Baltes	&	Lindenberger,	1997)	and	thus	causing	deficits	in	cognition	
(Antonenko	&	Floel,	 2014).	Our	 results	 provide	 evidence	 for	 both	










Younger r −.20 −.27 −.29 −.27 −.52 −.38 −.56
p .47 .33 .29 .34 .05 .16 .04
Older r .15 .12 −.07 .20 .06 .13 .09
p .57 .64 .78 .44 .81 .63 .73
Right hippocampi
Younger r −.02 −.01 −.13 −.45 −.30 −.39 −.34
p .99 .65 .65 .88 .28 .15 .22
Older r .50 .37 .26 .41 .25 .22 .33





Younger r −.29 −.40 −.06
p .31 .15 .83
Older r −.43 −.19 −.26
p .09 .46 .32
Right	M1
Younger r −.38 −.55 −.55
p .18 .04 .04
Older r −.32 −.29 −.24
p .22 .26 .35
SMA
Younger r −.05 .22 −.52
p .87 .45 .86
Older r −.21 −.24 −.27
p .41 .35 .30
pMT,	premotor	cortex;	MT,	primary	motor	cortex;	ST,	somatosensory	cortex;	FT,	frontal	cortex;	PT,	posterior	parietal	cortex;	TT,	temporal	cortex;	OT,	
occipital	cortex.
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brain	networks	and	behavioral	performance	with	age	may	be	quite	
specific to individual behavioral domains. We found that faster RT in 
older	adults	was	associated	with	greater	thalamic-	motor	cortex	FC,	
compared	 to	 younger	 adults,	 while	 greater	 thalamo-	hippocampal	
FC (particularly from the thalamic subregion that connects mainly 
to the temporal lobe) in older adults was associated with poorer 
memory	 performance.	 Further	 research	 is	 required	 to	 investigate	
the differential effects of increased or decreased thalamo- cortical 
connectivity	with	age	on	cognition,	their	domain	specificity,	as	well	




performers but did not identify significant correlations between tha-
lamic FC strength and behavioral performance when the two mea-
sures were on a continuous scale. This discrepancy may be due to 
a	number	of	methodological	 factors,	such	as	reduced	variability	 in	
either	FC,	behavioral	performance,	or	both,	due	to	our	sample	size,	
which meant that the spread of performance vs. FC was not large 
enough	to	produce	a	correlation	that	was	significant.	Alternatively,	
the relationship between thalamic FC and behavioral performance 
may	 not	 be	 linear	 across	 age,	 or	 even	 directly	 related.	 For	 exam-
ple,	greater	 thalamo-	hippocampal	FC	 in	older	adults	may	 interfere	
with	memory	performance	in	a	more	nuanced	manner,	by	affecting	
some	 unknown	 process(es),	 required	 for	 memory,	 rather	 than	 FC	
strength being directly proportional to the number of items forgot-
ten.	Replication	of	 this	 study,	with	 larger	 sample	 sizes	 and	a	wide	
range of younger and older adults combined with a broader range 
of	 cognitive	 tasks,	may	 help	 us	 understand	more	 clearly	 the	 rela-
tionship between thalamic FC and behavioral performance and how 
that	relationship	may	change	with	age.	One	interesting	observation	





ferential cognitive performance and associations with FC within an 
individual may help us understand whether age- related decreases in 
network segregation affects networks differently between individ-
uals or whether the network disruption is similar across individuals 
but the effect on cognition is heterogenous.
By	performing	FC	analysis	using	 thalamic	subregions,	we	were	
able to present more specific results of the effect of age on thalamic 
FC,	compared	to	results	using	thalamic	masks	which	treat	the	thal-
amus	 as	 a	 homogeneous	 structure,	which,	 in	 our	 study,	 showed	a	
less	clear	effect	of	age	(See	Appendix	S1).	Many	studies	have	now	
provided evidence that it is possible to segment the thalamus using 
noninvasive	DTI	and	fMRI	data	into	subregions	which	largely	corre-
spond with known subdivisions identified from anatomical and his-
tological	evidence	(Hale	et	al.,	2015;	Jang	&	Yeo,	2014;	Kumar	et	al.,	
2014;	Zhang,	 Snyder,	 Shimony,	 Fox,	&	Raichle,	 2010;	Zhang	 et	al.,	
2008).	However,	Hale	et	al.	(2015)	highlight	the	differences	between	





comparing between age- groups; (2) Hale et al. reported there was 




One	 potential	 limitation	 of	 the	 current	 study	 is	 the	 presence	
of	 non-	neuronal	 confounds	 in	 fMRI	 connectivity	 measurements,	
which	may	artificially	 induce,	or	exaggerate,	differences	between	
age-	groups,	 as	 highlighted	 by	 Balsters	 et	al.	 (2013).	 In	 order	 to	
account for differences in breathing and heart rate across age- 
groups,	and	individuals,	we	collected	both	respiratory	and	cardiac	










others have reported that regionally specific age differences in 
physiological	fluctuations	exist,	which	may	only	partly	reflect	those	
captured	on	a	global	level	(Tsvetanov	et	al.,	2015).	This	means	that	
global regression methods may not always be the most accurate 
method of physiological correction between age- groups as any 





for the effects of neural connectivity to be separated from the he-
modynamic	component,	have	previously	been	demonstrated	to	be	
useful	in	studies	of	older	adults	(Tsvetanov	et	al.,	2016)	and	should	




provides	 a	more	 direct	 and	 quantifiable	measure	 of	 cerebral	 he-
modynamics,	may	also	go	some	way	to	addressing	such	potential	
differences between age- groups.
An	additional	caveat	of	investigating	differences	in	brain	func-
tion with advancing age is differences in gray- matter volumes 
between age- groups and the variability of such age- related differ-
ences between individuals. Studies using gray- matter volume as 
voxel-	based	 regressors	 have	 provided	 evidence	 that	 some	 func-
tional	 differences	 between	 age-	groups	 can	be	 a	 consequence	of	
gray-	matter	atrophy	(Kalpouzos,	Persson,	&	Nyberg,	2012),	while	
others persist after correction for gray- matter volume (Salami 
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et	al.,	2012).	In	this	study,	we	addressed	differences	in	gray-	matter	
volumes	within	cortical	ROIs	 (and	the	hippocampus)	using	partial	
volume	 maps	 following	 segmentation	 to	 exclude	 any	 voxels	 not	
classified	as	gray-	matter	 from	any	analyses.	However,	segmenta-
tion	 of	 subcortical	 structures,	 such	 as	 the	 thalamus,	 can	 be	 less	
reliable and gray- matter is often misclassified as white. For this 
reason,	we	chose	 to	exclude	any	CSF	voxels,	 to	go	 some	way	 to	
addressing differences in thalamic volume between the two age- 
groups,	but,	currently,	this	remains	a	methodological	issue	for	re-
searchers investigating thalamic connectivity differences in older 
age.
Detailed	 electrophysiological	 and	 histological	 work	 (Steriade	
&	Deschenes,	 1984),	 combined	with	more	 recent	 studies	 linking	
neuroimaging	with	behavioral	measures,	has	vastly	increased	our	
understanding of thalamo- cortical connectivity over the past few 
decades.	It	is	now	apparent	that	the	thalamus	plays	an	important	
role	not	only	in	integrating	and	transmitting	sensory	information,	
but also in regulating cortical regions and both directly and indi-
rectly	supporting	cortico-	cortical	connectivity.	Understanding	the	
connectivity between brain regions is imperative to understand-
ing	brain	 function.	A	 systematic	 review	of	 the	 functional	neuro-
anatomy	 of	 the	 thalamus	 by	 Power	 and	 Looi	 (2015)	 highlighted	
that,	although	the	precise	role	of	the	thalamus	remains	unclear,	its	
importance in the functional connectome is beyond doubt. Some 
have argued that a significant factor in determining the functions 
that any cortical region is capable of is its connectivity to the 
thalamus	 (Sherman	 &	 Guillery,	 2013).	 However,	 there	 are	 still	 a	
number	of	questions	to	be	answered	regarding	(1)	how	these	con-
nections	support	cognitive	function,	(2)	how	changes	with	age	or	
disease disrupt thalamic connectivity to both cortical and subcor-
tical	brain	regions,	and	(3)	the	impact	of	such	connectivity	changes	
on cognition.
Our	work	 has	 provided	 new	 evidence	 of	 the	 potential	 role	 of	
thalamo- cortical and thalamo- hippocampal connectivity in sup-
porting	 reaction	 times	and	memory	 in	aging.	As	evidence	mounts,	
it seems unlikely that a single thalamic nucleus is responsible for a 
specific	cognitive	ability	or	memory	function,	and	a	distributed	sys-
tem appears more probable where the integration of information 
and	 connectivity	 across	 thalamic,	 subcortical,	 and	 cortical	 regions	
is	involved	in	a	range	of	cognitive	abilities	(Mitchell	&	Chakraborty,	
2013;	Mitchell	&	Dalrymple-	Alford,	2006).	The	role	of	the	thalamus	
in	 terms	of	 aging,	disease,	 and	 cognition	 should	not	be	underesti-
mated,	and	future	research	should	look	to	integrate	measures	of	the	
thalamus alongside cortical networks which are often the focus of 
studies of cognition.
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Average ROI size ± SE
Younger Older
Auditory
Left	STG 75 54 39 71	±	8.32 58	±	5.73
Right	STG 17 53 39 72	±	5.99 61	±	9.22
Motor
Left	M1 67 55 67 54	±	5.53 43	±	6.33
Right	M1 23 55 67 46	±	7.32 38	±	5.82
SMA 45 53 65 61	±	9.25 50	±	9.55
Visual
Left	lateral 69 26 41 67	±	7.34 59	±	8.35
Right lateral 21 29 41 71	±	6.51 62	±	8.13
Left	primary 49 27 39 54	±	8.23 48	±	7.51
Right primary 39 29 39 51	±	5.68 43	±	6.19
Table	A2:	Final	ROI	size	(group	mean	number	of	voxels	and	standard	deviation	across	participants)	after	transforming	anatomically	defined	
ROIs	into	individual	space	and	selecting	only	gray-	matter	voxels	(or	excluding	CSF	voxels	for	thalamic	regions)	is	displayed.




Right HC 91.15	±	5.78 75	±	7.93
Thalamic subregions
OT 162	±	15.52 137	±	16.84
FT 575	±	55.20 514	±	61.27
PT 403	±	14.45 346	±	38.88
Pre-	MT 156	±	24.96 149	±	11.08
MT 269	±	15.52 260	±	17.93
ST 154	±	15.25 140	±	11.22
TT 553	±	60.08 456	±	81.01
